In an experimental model of arthritis, increased leukocyte adhesion is associated with the evolution of acute and chronic synovial inflammation. Whereas peripheral blood mononuclear cells (PBMC) from control animals bind minimally to fibronectin matrices, PBMC from animals receiving arthropathic doses of bacterial cell walls demonstrate increased integrin mRNA expression and enhanced adhesion. To determine whether this augmented adhesion was causal in the development of synovial pathology, peptides synthesized from several fibronectin domains which inhibited leukocyte adhesion in vitro were administered to arthritic animals either as free peptides or coupled to a carrier molecule. Not only were peptides containing either the RGD or CS-1 cell-binding domains inhibitory to chronic synovial pathology (articular index = 10.5+0.3 for untreated animals compared to 1.25+0.25 for RGD and 2.5±0.7 for CS-1), but three peptides synthesized from the carboxy-terminal 33-kD heparin-binding domain of fibronectin were also found to significantly inhibit leukocyte recruitment and the evolution of arthritis. Based on these data, which are the first to explore the therapeutic potential of heparin-binding fibronectin peptides in chronic inflammation, it appears that antagonism of cellular adhesion and recruitment by fibronectin peptides may provide an important mechanism for modulating the multi-step adhesion process and attenuating aberrant inflammatory responses. (J. Clin. Invest. 1994. 
Introduction
Cell-cell and cell-matrix interactions are fundamental to embryogenesis, morphogenesis, wound healing, and tumor metastasis. The molecular basis for the adhesion of both normal and transformed cells is complex and involves several distinct cell surface molecules. On leukocytes, selectins, which are carbohydrate-binding lectins (for review see references 1, 2), members of the Ig superfamily (3) , and integrins composed of a and 3 transmembrane glycoproteins (4, 5) control their localization and recruitment to sites of infection or inflammation. Of the integrins, those containing 32 subunits (CD18) are largely involved in cell-cell interactions (3) , whereas PI (CD29) integrins also mediate adhesion to extracellular matrix constituents (3) (4) (5) (6) . One of these extracellular matrix macromolecules is fibronectin, found in plasma, cell matrices, basal lamina, and on cell surfaces (7) .
Fibronectin possesses multiple domains recognized by inte- grins including arginyl-glycyl-aspartic acid (RGD)' which interacts with a5,31 , a3316 , and other integrins (8, 9) , and the alternately spliced connecting segment domain (CS-1) which is recognized by ca4/1 (VLA-4) (10) . In addition to recognizing the CS-1 domain of fibronectin, a4f,3 also serves as a receptor for vascular cell adhesion molecule-I (VCAM-1), a member of the immunoglobulin superfamily which is rapidly induced on endothelial cells in response to IL-1 and TNFa and increased at sites of inflammation (11, 12) . Both a5pf and a4/16 are found on mononuclear leukocytes, and adhesion is augmented after activation (13, 14) . In addition to integrins, cell surface proteoglycans may also contribute to cellular recognition and adhesion events. In this regard, interest has recently focused on polypeptides derived from the 33-kD carboxyl-terminal heparin-binding domain of fibronectin which promotes lymphoid and tumor cell adhesion and spreading by RGD-independent mechanisms (15, 16) . The proximity of proteoglycanand integrin-binding (CS-1) sites within the 33-kD fragment suggests a potential collaborative interaction between a4/31 and cell surface proteoglycan receptors (17) . Moreover, leukocyte interaction with this RGD-independent fibronectin region implicates a role for recognition of such domains in inflammatory events (18) .
In chronic inflammation, dysregulation of leukocyte recruitment may lead to substantial tissue pathology. In an experimental model, administration of bacterial cell wall fragments to genetically susceptible animals results in persistent leukocyte recruitment and inflammation within the synovium (19) . Afflicted joints become swollen and deformed as a consequence of the inflammation-in the synovial lining with the development of progressive destruction of the extracellular matrices of articular cartilage and subchondral bone. To examine the relevance of specific adhesive interactions in these events, fibronectin peptides containing RGD or CS-1 domains, in addition to unique sequences synthesized from the 33-kD carboxyl-terminal heparin-binding fragment of the A chain, have been tested for their ability to block inflammatory cell adhesion in vitro and the 1. Abbreviations used in this paper: Al, articular index; CS, connecting segment; EDC, l-ethyl-3 (3-dimethylaminopropyl)-carbodiimide hydrochloride; FN, fibronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MPA, murine pulmonary artery; OA, ovalbumin; RGD, arginyl-glycyl-aspartic acid; SCW, streptococcal cell walls. Asp-Glu-Leu-Pro-Gln-Leu-Val-Thr-Leu-Pro-His-Pro-Asn-Leu-His-Gly-Pro-Glu-Ile -Pro-Ser-Thr FN-C/H-I Tyr-Glu-Lys-Pro-Gly-Ser-Pro-Pro-Arg-Glu-Val-Val-Pro-Arg-Pro-Arg-Pro-Gly-Val' (1906) (1907) (1908) (1909) (1910) (1911) (1912) (1913) (1914) (1915) (1916) (1917) (1918) (1919) (1920) (1921) (1922) (1923) (1924) FN-C/H-II Lys-Asn-Asn-Gln-Lys-Ser-Glu-Pro-Leu-Ile-Gly -Thr (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) FN-C/H-IV Ser-Pro-Pro---Ala-Arg-Val-Thr (1784-1792) 
Methods
Fibronectin isolation and peptide synthesis. Human plasma fibronectin (FN) was purified as a byproduct of factor VIII production by sequential ion-exchange and gelatin affinity chromatography, and the tryptic/catheptic 33-kD cell adhesion and heparin binding (FN-C/H) fragment of the fibronectin A chain was isolated (20) . Fibronectin polypeptides having sequences within this region were synthesized at the Microchemical Facility of the University of Minnesota using a Beckman system 990 peptide synthesizer (Beckman Instruments Inc., Fullerton, CA) (20) . Lyophilized crude peptides were purified by preparative reverse-phase high performance liquid chromatography (HPLC) on a C-18 column, using an elution gradient of 0-60% acetonitrile with 0.1 % trifluoroacetic acid in water. Peptides were synthesized with a tyrosine residue at the carboxy terminal end to facilitate peptide radioiodination, and the purity and composition of the peptides were verified by HPLC analysis. The sequences of the peptides utilized in the studies are shown in Table I . Peptide-carrier conjugation. Synthetic peptides were chemically conjugated to ovalbumin (OA; Sigma Chemical Co., St. Louis, MO) using l-ethyl-3 (3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) (15) . Equal amounts (2-10 mg) of the peptides and OA were solubilized in water (0.5-2 ml) and mixed with a 10-fold excess (by weight) of EDC dissolved in water (300 /l). The (19, 21 (19) . The cells were washed twice in PBS and resuspended in Dulbecco's modified Eagles medium (DME) containing 50 Mg/ml gentamicin, and 2 mM glutamine (GIBCO BRL, Gaithersburg, MD) for culture and cell attachment assays.
Total cellular RNA was isolated using a one-step acid guanidinium thiocyanate-phenol-chloroform procedure (22) . For Northern analysis, 5 ,g total RNA was electrophoresed on 1.0% formaldehyde-agarose gels and transferred to nitrocellulose filters (Schleicher and Schuell, Keene, NH). The blots were prehybridized at 42°C for 2 4 h and hybridized overnight with the 32P-labeled cDNA probes for rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (23) and the a5 integrin subunit (Telios Pharmaceuticals, Inc., San Diego, CA). The filters were washed and exposed to a phosphor screen for 8-24 h and analyzed on a Phosphorlmager using Image Quant software (Molecular Dynamics, Inc., Sunnyvale, CA) as described (24) .
Cell attachment assays. Cell attachment was determined by a modification of a previously described method (24) . Tissue culture chamber slides (8 well; Lab-Tek, Nunc, Inc. Naperville, IL) were coated with 1 /.ig/well bovine serum albumin (Boehringer Mannheim Biochemicals, Indianapolis, IN), purified fibronectin or fibronectin peptides (8 pg/well) in H20. Gelatin (1%) (BioRad, Richmond, CA) was added to each well at 37°C for 1 h and aspirated before control or treated PBMC or spleen cells in DME without serum were seeded in replicate wells at a density of 2.0 x 106 cells/0.2 ml. After 30 min at 24 or 37°C, the unattached cells were removed by two PBS washes, and the attached cells fixed and stained with Diff Quik (Baxter Scientific Products, McGraw Park, IL). In additional assays, murine pulmonary artery (MPA) cells (generously provided by Dr. Una S. Ryan, Washington University, St. Louis, MO) were seeded (250 il; 2.5 x 104/ml) onto chamber slides, cultured 24-48 h (-70% confluent), and stimulated with TNFa (2.2 pg/ml, Genzyme) for 4 h at 37°C before the leukocytes were added (25) . Attached leukocytes were quantitated using the Optomax Image Analyzer (Hollis, NH) and the numbers of attached cells expressed as the mean±SEM. For inhibition of cell adhesion assays, SCW-treated PBMC or spleen cells were cultured at 37°C for 15 min in the presence or absence of the synthetic peptides or their scrambled counterparts (10-100 pg/ml) before being seeded in replicate wells coated with the 33-kD fibronectin fragment or MPA cells. Fibronectin synovium and liver (19) , the number of adherent PBMC was substantially (> 10-fold) higher than controls.
Increased PBMC integrin expression correlates with development of arthritis. To further define the mechanism of SCWmediated cellular adhesion to fibronectin and its potential contribution to the development of inflammation and synovial pathology, PBMC were isolated from animals at intervals from 1-52 d after a single arthropathic dose of SCW, and the RNA extracted and probed by Northern analysis for integrin subunit expression. Gene expression for the a5 subunit of the fibronectin receptor (a5fi3) was found to increase in the PBMC within 2-3 d after induction of arthritis (Fig. 2 A) , decline between days 5 and 10, and increase again during chronic inflammation before diminishing as the inflammation stabilizes. When the a5 mRNA levels from all time points evaluated were normalized to constitutively expressed GAPDH mRNA and compared to the articular indices of the animals, the changes in a5 mRNA expression appeared to precede and parallel the development of the adherent phenotype (Fig. 1 B) and of the acute and chronic phases of the erosive polyarthritis (Fig. 2 B) .
Effect ofRGD peptides on the development ofSCW-induced arthritis. The correlation between PBMC integrin gene expression, functional adhesion, and arthritis suggested that RGDspecific binding of leukocytes might be a pivotal mechanism involved in leukocyte homing to the inflamed synovium and Results SCW increases leukocyte adhesion in vitro and in vivo. In initial experiments, PBMC were cultured in the presence or absence of SCW and then evaluated for their ability to adhere to an intact fibronectin matrix. As evident in Fig. 1 A, SCW activation of PBMC in vitro resulted in augmented binding to the extracellular matrix. Moreover, when PBMC were isolated from animals in which arthritis was induced by the systemic injection of SCW, there was a time-dependent increase in the number of circulating adherent cells in equivalent numbers of PBMC (Fig.  1 B) . A threefold increase in binding was evident within 4 d after SCW injection at the peak of the acute inflammatory response ( Fig. 1 B) . By 16 that this event might be a target for interrupting this process. To evaluate such a possibility, RGD-containing synthetic peptides (MC-2) were coupled to an ovalbumin carrier and administered (3 mg/kg i.v.) daily for 5 d to animals receiving an arthropathic dose of SCW, and the clinical course of the lesions monitored by the joint scores (Al) (Fig. 3) . A nearly 50% decline in the acute neutrophil-mediated response was evident on day 3 in animals receiving RGD (AI = 5.5±0.84 vs. 9.79±0.33 for untreated, P < 0.05), whereas the chronic destructive inflammatory response which is dependent on T cells and mononuclear phagocytes was virtually eliminated. OA coupled to itself and administered to the SCW-injected rats had no significant effect on the acute or chronic AI which was 10.5±0.3 on day 27, compared with 1.25±0.25 for MC-2 ( Fig. 3, P < (Table I) were shown to variably (40-90%) inhibit RGD-independent binding of PBMC to the 33-kD fibronectin fragment in vitro (Fig. 4 A) . Moreover, as shown for FN-C/H-V, the most potent inhibitor of PBMC adhesion to a fibronectin matrix (Fig. 4 A) , the peptides also inhibited adherence to a monolayer of TNFa-stimulated endothelial cells (Fig. 4 B) . A scrambled version of this peptide (Arg-Pro-GlnIle-Pro-Trp-Ala-Arg-Tyr) did not significantly block binding to the endothelial cells (Fig. 4 B, left panel) or to fibronectin (Fig.  4 B, right panel ) demonstrating the specificity of the fibronectin interactions and prompting subsequent studies to determine whether these peptides were active in vivo.
The synthetic peptides were administered individually to arthritic rats according to the protocol used for RGD-containing peptides. Beginning from the carboxy-terminal end (Fig. 5 A) Mg/ml for 4 h) endothelial cell (EC) monolayer. Peptide FN-C/H-V (100 yg/ml) was used in its normal or a scrambled configuration (Arg-ProGln-Ile-Pro-Trp-Ala-Arg-Tyr) (B).
tide was found to suppress both acute and chronic inflammation (day 3, Al = 5.6±0.8 vs 9.79±0.33 and on day 27, AI = 2.5±0.7 vs 10.5±0.3, P < 0.02). Furthermore, as shown in Fig. S B, FN-C/H-I, -H and -V partially suppressed acute synovitis. Even though treatment was limited to the acute phase (day 0-4), suppression was maintained during the chronic phase, with these peptides decreasing the arthritic response -80% (FN-C/H-I, -II, and -V, P < 0.02). In contrast, FN-C/H-IV, the peptide most distal from the carboxy terminal end (Fig. 5 A) , had minimal or no anti-arthritic properties (Fig. 5 B) . No evidence of toxicity based on weight loss or hematocrit levels was observed in any of the peptide-treated groups. Furthermore, sera collected on day 28 after the induction of arthritis in animals treated or not with peptides for 5 d contained no detectable antibodies to fibronectin or to the peptides as determined by ELISA (17) . To determine if the peptides could influence the course of the arthritis once established, arthritic animals were randomized and i.v. peptide administration initiated on day 11 and continued daily for 5 d. Under these conditions, not only were the RGDcontaining (MC-2) and CS-1 peptides anti-inflammatory (on day 28, Al = 4.2+1.5 for CS-1 and AI = 2.7±1.9 for MC-2 compared with 11.3±0.5 for untreated arthritic animals; P < 0.02 for CS-I and MC-2), but peptides FN-C/H-I, II and V from the heparin-binding domain also suppressed evolution of the chronic lesions (Fig. 6 ). FN-C/H-I was particularly effective in the chronic phase reducing the Al to 1.5±1.0 (P < 0.02). Based on these data, it would appear that lymphocytes and/or monocytes which are responsible for the events occurring in the chronic phase of arthritis (19, 21) must be a primary target of the peptide inhibition.
Synthetic peptides inhibit the histopathogenesis of SCWinduced arthritis. Dissemination of SCW to synovia triggers a characteristic pattern of leukocyte infiltration, synovial cell lining hyperplasia and villus formation, bone erosion, and ultimately, joint destruction (19, 21) . After 5 d of peptide administration, the joints exhibited markedly reduced histopathology, often appearing normal, when evaluated 3 wk later (Fig. 7) . Decreased infiltration of inflammatory cells was clearly evident in those tissues representing animals with decreased therapeutic indices as is shown for animals treated with FN-C/H-V (Fig. 7  B) . Although reduction in synovial hyperplasia and erosive lesions may be secondary to the reduced leukocyte infiltrate, it may also reflect decreased activation of infiltrating cells. In contrast, the OA-treated, SCW-injected rats exhibited the destructive joint abnormalities characteristic of untreated arthritic animals ( Fig. 7 A) . Delayed administration of the peptides until the early chronic phase of disease also decreased the cellular infiltrate and destructive pathology when analyzed after 4 wk (not shown), reflecting the reduced articular index. Effect of uncoupled peptides on the development of SCWinduced arthritis. Although coupling of the peptides to OA prolongs their circulating half-life and most likely their efficacy, it was of interest to determine whether uncoupled peptides would have any effect in vivo. Daily i.v. administration of free peptides for 5 d revealed an inhibitory effect on the development and maintenance of arthritis. The acute phase was variably suppressed by the peptides, but the effect was sustained in the absence of further treatment into the chronic phase (Fig. 8) . Although generally less effective than coupled peptides, the free peptides were active and FN-C/H-II appeared to work as well in the uncoupled state as it did conjugated to OA. Mean articular indices±SE were determined at indicated intervals.
Understanding the molecular basis of inflammatory cell recruitment mechanisms is fundamental to developing strategies to control tissue damage and dysfunction associated with persistent inflammatory events. The current studies demonstrate that certain bioactive adhesive peptides from fibronectin can be used to inhibit a pathologic immune response to peptidoglycan-polysaccharide complexes in a rodent arthritis model (19, 21) . The intravenous injection of fibronectin-specific peptides to rats given arthritogenic doses of SCW impaired the entry of leukocytes into the synovium and consequently, degradation of the extracellular matrix. The peptides were efficacious whether ad- to leukocyte accumulation and the development of inflammation. However, coupling of the peptides to OA was not required to observe a protective effect implying that the action of the peptides in vivo may be both rapid and transient and involve interference with early cellular recruitment or activation. Thus, these synthetic peptides may prove to be useful tools for dissecting the complex cellular and molecular relationships between the development of acute and chronic inflammation in synovium, and likely, other tissues. The leukocyte adhesion process in vivo is a multistep process, involving selectin-mediated, low affinity initial interactions with the vascular endothelium (1, 2) followed by cytokinemediated induction of higher affinity interactions determined by leukocyte 62 and /6 integrins (3-6). Although much emphasis has been placed on the /32 integrin (Mac-i, LFA-1):ICAM-1 interactions in mediating leukocyte recruitment to sites of inflammation (32, 33) and the potential value of blocking this interaction in the control of leukocyte emigration (33) (34) (35) (39) .
In contrast to the RGD-dependent integrins, a4/3t is unique in that it can function as both a fibronectin receptor and a cellcell adhesion receptor. In addition to its specificity for the CS-1 domain of the fibronectin molecule, a4,t binds to VCAM, an immunoglobulin superfamily adhesion receptor expressed on the apical surface of endothelial cells activated in vitro with TNF or IL-1 (40, 41) , or in vivo as the result of the development of inflammatory responses (42) . There is evidence that the synthetic CS-I peptide can inhibit leukocyte adhesion to high endothelial venules (43) as well as to activated endothelial cells in vitro. Consistent with these studies, pretreatment of immune T cells with the peptide sequence Gly-Pro-Glu-Ile-Asp-Val-ProSer-Thr has been shown to inhibit their ability to transfer specific contact hypersensitivity (44) . In our studies, systemic administration of CS-1 blocks development of synovial inflammation. Whether CS-1 blocks at the level of a4,6: VCAM or a461 fibronectin interactions or both is unclear, since a4/,1 may interact with VCAM and fibronectin by distinct molecular mechanisms (41) . In a cardiac allograft rejection model, blocking VCAM adhesion alone was not sufficient (42) , since the use of anti-VCAM antibodies did not alter the course of cardiac rejection. Regardless of the exact mechanism(s), the current studies demonstrate that synthetic peptides can be used to interfere with the function of a4,6t on activated leukocytes and to interrupt leukocyte recruitment and activation.
Less clear are the molecular mechanism(s) by which the peptides, FN-C/H-I, FN-C/H-II and FN-C/H-V, derived from the fibronectin carboxyl terminal heparin-binding domain (20, 30, 31) act to inhibit the inflammatory process. Based on our in vitro data, these peptides inhibit circulating leukocyte adhesion to extracellular matrix and to endothelial cells which would effectively impair their retention and accumulation in the inflamed synovium. In addition, these peptides may also block signal transduction pathways and cytokine presentation. All three peptides are located in fibronectin type III repeat number 14 (fnIII14), and as a result are in proximity to one another and to CS-1, found in the type IlIcs domain immediately following fnIII14 in certain isoforms. These peptides are cationic and hydrophilic, and adhere to cell surface proteoglycans on various cell types (27-29, 31, 45) . However, since recent evidence suggests that FN-C/H-I and FN-C/H-II may also influence the function of a4 subunits (17) , and FN-C/H-V inhibits adhesion to VCAM (unpublished observations), their protective effect may involve interference with both proteoglycan binding and a4c,6 integrins. Interestingly, the active site of FN-C/H-II is also present in L-selectin (29) , and it is possible that this peptide may inhibit selectin-mediated binding to heparin-like structures on endothelial cells (46), as well as inhibit the action of integrins and/or proteoglycans on leukocytes. Another mechanism of action may be related to the ability of these peptides to interfere with proteoglycan-dependent presentation of inflammatory cytokines (MIP-16) by activated endothelial cells (47) . Since the peptides can be delivered during the first few days after induction of arthritic lesions and their effects persist into the chronic stage, it is likely that the peptides are interrupting an early, but critical event responsible for the evolution of chronic inflammation. In this model, that critical event may be the initial T cell recruitment and activation, since the chronic destructive phase of the synovial inflammation is T cell dependent (21, 48). While these results emphasize the complex pathways whereby adhesion molecules may dictate recruitment and effector functions of inflammatory cells, they also provide the first evidence that receptors which interact with sites on the carboxyl terminal heparin-binding region of fibronectin (49) may be fundamentally important in these events.
Although the role of integrins and other cell adhesion molecules in mediating the arrest and adhesion of inflammatory cells associated with extravasation is complex and poorly understood, emerging evidence suggests that agents that inhibit or modulate this mandatory adhesion process may provide a mechanism to regulate inflammation and its associated disorders. Understanding the structural/functional properties of protective peptides will offer insight into the mechanisms by which the active sequences provide an effective barrier to the pathology associated with the continued recruitment and/or activation of inflammatory leukocytes in the arthritic synovium. In this regard, the ability of synthetic fibronectin peptides to block leukocyte recruitment into the synovium when administered at the initiation of inflammation is important, but perhaps more significant is the ability of these peptides to interrupt adhesion and recruitment in ongoing disease.
